To evaluate dynamic three-dimensional (3D) kinematic properties of the anterior cruciate ligament (ACL)-insufficient knees and healthy contralateral knees in awake patients during the Lachman test using biplane fluoroscopy. Materials and Methods: Ten patients with unilateral ACL-insufficient knees and healthy contralateral knees were enrolled in this study. Each patient underwent the Lachman test three times in the awake state. The knee joint motions were captured using biplane fluoroscopy. After manual registration of 3D surface data from 3D-computed tomography to biplane images, dynamic 3D kinematic data were analyzed. Results: The average anteroposterior (AP) translation of the medial femoral epicondyle of the ACL-insufficient knees (11.5±4.2 mm) was significantly greater than that of the contralateral knees (7.7±3.5 mm) (p<0.05). However, there was no statistically significant side-to-side difference in the average AP translation of the lateral femoral epicondyle. During the Lachman test, the distal femur was more externally rotated than the proximal tibia, which showed significant difference between both sides. Conclusions: During the Lachman test, the medial femoral epicondyle of the ACL-insufficient knee exhibited greater AP motion than that of the contralateral knee, whereas there was no significant side-to-side difference with regard to the AP motion of the lateral femoral epicondyle.
Introduction
Anterior cruciate ligament (ACL) injury is one of the most common sports-related injuries of the knee joints 1) . As ACL injury is closely related to functional disability, knee joint laxity, secondary injuries such as meniscus tear, chondral injury, and post-traumatic osteoarthritis 2, 3) , the importance of diagnosis and treatment of ACL injury cannot be underestimated. For proper screening and diagnosis of ACL insufficiency, physical examination maneuvers such as Lachman test, pivot shift test, and anterior drawer test have been used. Even though some studies have reported a higher sensitivity and specificity of the Lachman test [4] [5] [6] , there is still controversy on how to diagnose ACL insufficiency, and some modified methods, such as Lachman test in prone position 7) , have been introduced and evaluated. In spite of the long history and presence of many studies on Lachman test, there is a paucity in the literature on the in vivo 8) , have been used to quantify the anterior laxity; however, these devices are designed to assess only two-dimensional anteroposterior (AP) translation. Some studies performed a dynamic 3D analysis of ACL-insufficiency using newly developed tools such as navigation and electromagnetic devices [9] [10] [11] [12] [13] . However, because soft tissue markers have a mismatch between the skin and the bone and bony markers can only be used under anesthesia, these studies only assessed the knee joint under sedation or the cadaveric knees. Two studies performed 3D analysis during Lachman test without anesthesia 14, 15) , but they evaluated only static points: neutral, reverse Lachman and Lachman test using open magnetic resonance imaging (MRI) 14) ; neutral and Lachman test using computed tomography (CT) scan 15) . Biplane fluoroscopy has been used for dynamic 3D analysis of knee joints 12, [16] [17] [18] [19] . As it can be utilized in in vivo studies without anesthesia and accurately measure the 6 degrees of freedom kinematics, biplane fluoroscopy can be used for dynamic 3D analysis of the joint laxity in the Lachman test. Our literature search revealed that there is no study evaluating the biomechanical properties of the knee joint using biplane fluoroscopy.
The aim of the current study was to evaluate the dynamic 3D kinematic properties of the ACL-insufficient knees and contralateral healthy knees in awake patients during the Lachman test using biplane fluoroscopy. Based on the evaluation, we attempted to determine the efficacy of Lachman test and suggest an appropriate method for improving the reliability of the test.
Materials and Methods
The study protocol of the current study was approved by the Institutional Review Board of Samsung Medical Center (2011-08-075), and all of the participants signed an informed consent form. A total of ten patients with unilateral ACL insufficiency and healthy contralateral knees participated in this prospective study from June 2012 to January 2013. All patients were diagnosed with grade II or III instability in the Lachman test and pivot shift test performed by a single surgeon (Wang), and the ACL insufficiency was confirmed with MRI by the same surgeon and a musculoskeletal radiologist. All the patients were scheduled for ACL reconstruction surgery at our institution. Contralateral knees were also evaluated with MRI and physical examination, and the presence of normal ACL was confirmed. All of the patients were male, their mean age was 34 years, and the mean interval from injury to the test was 2.9 months. Their mean height was 171 cm and mean weight was 76.7 kg. Eight patients had injuries to the right knee and the other 2 patients had injuries to the left knee. Four patients had meniscus tears in the ACL-insufficient knees: one patient had a peripheral tear of the posterior horn of medial meniscus; two patients had root tears of the posterior horn of lateral meniscus; and one patient had a tear of the posterior horn of medial and lateral menisci. The demographics of participants are shown in Table 1 .
Study Protocol and Biplane Fluoroscopic System
By manual registration of consecutive biplane images during the Lachman test and 3D model obtained from 3D-CT, dynamic 3D data of bilateral knees during the Lachman test were obtained. During the biplane fluoroscopy, each participant underwent the Lachman test three times for bilateral knees in the awake state. For biplane fluoroscopy, the patient lay on the table with a 15-cm knee support placed under the thigh to elicit 30 degree knee flexion. Due to the limited space on the table, the examiner stood beside the lateral aspect of the participant's lower leg and grasped the medial side of proximal tibia of the right knee by the right hand, whereas the examiner's left hand grasped the proximal tibia for the left knee. Another examiner or an assistant grasped the anterior aspect of the thigh by hand to prevent anterior translation of the femur. With the patient placed in this position, the proximal tibia was anteriorly pulled as much as possible. The test was done three times for each leg, and the analysis was done using data obtained from the second test. All the tests were performed by a single orthopedic surgeon, and AP and lateral views were obtained using dynamic biplane fluoroscopy (Artis zee; Siemens, Erlangen, Germany). Before capturing the images, 3D geometric calibration was performed, and then high-resolution serial images were captured in 1440×1440 pixels at a frame rate of 15/sec. In addition, 3D knee models of all participants were obtained using 3D-CT after ACL reconstruction. Using one CT scanner (Light Speed VCT; GE Healthcare, Little Chalfont, UK), axial images of bilateral distal femurs and proximal tibias were obtained with 16×0.625 mm collimation, 0.625 mm slice thickness and 512×512 acquisition matrix. Using Mimics (Materialise, Leuven, Belgium), 100-mm long 3D models of the distal femurs and proximal tibias were created.
The acquired 3D models of the distal femur and proximal tibia were imported into the biplane fluoroscopic system and matched by manual registration. One of the graduate students in the biomechanical engineering laboratory manually matched the 3D model to the fluoroscopic image (Fig. 1 ).
Analysis Method Using a New Coordinate System
For the quantitative analysis and comparison of 3D motions between the distal femur and proximal tibia, the motion of the distal femur relative to the fixed proximal tibia was assessed using a new coordinate system that was created using anatomical references of the proximal tibia. The 3D model of the proximal tibia was imported into Geomagic 2012 (Research Triangle Park, North Carolina, USA), and the surface of the medial tibial plateau was selected. Using the 'adjustment tool' in Geomagic 2012 for the selected surface, the plane of medial tibial plateau was established and defined as the xy plane (x axis represents anteriorposterior, y axis represents medial-lateral, z axis represents proximal-distal). In addition, we defined the AP direction by using two anatomical landmarks of the proximal tibia, medial 1/3rd of the tibial tuberosity and the center of posterior cruciate ligament insertion 20, 21) (Fig. 2) . Using these definitions of the axes, a new coordinate system was created and this coordinate system was applied to the obtained dynamic 3D data during the tests. Using a mathematics software package (Matlab; MathWorks Inc., Natick, MA, USA), we checked AP translation of the two femoral landmarks, medial femoral epicondyle and lateral femoral epicondyle, and axial rotation of the distal femur (Fig. 3) . 
Statistical Analysis
We compared AP translation of the medial and lateral femoral epicondyles during the Lachman test between ACL-insufficient knees and the contralateral healthy knees. For statistical analysis, Mann-Whitney test was used to compare the AP translation between ACL-insufficient knees and healthy knees. A p-value of less than 0.05 was considered statistically significant, and statistical analysis was performed using SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA).
Results
The mean AP translation of the medial femoral epicondyle of the ACL-insufficient knees was 11.5±4.2 mm (range, 7.1 to 19.6 mm) and that of the lateral femoral epicondyle of the ACL-insufficient knees was 11.8±3.5 mm (range, 7.1 to 17.4 mm). In the contralateral healthy knees, the mean AP translation of the medial femoral epicondyle was 7.7±3.5 mm (range, 3.7 to 14.5 mm) and that of the lateral femoral epicondyle was 8.8±3.3 mm (range, 3.7 to 13.5 mm). On statistical analysis, the mean AP translation of the medial femoral epicondyle was significantly different between the ACL-insufficient knees and contralateral knees (p<0.05, Table 2 ); however, the mean AP translation of the lateral femoral epicondyle was not significantly different between the ACLinsufficient knees and contralateral knees (p=0.089, Table 2 ). On axial rotation during the Lachman test, the mean rotation of the ACL-insufficient knees was 3.0±2.4 degrees (range, 0 to 6.5 degree) and that of the contralateral healthy knees was 2.4±2.3 degrees (range, 0 to 6.5 degree). All of the knees showed tibial internal rotation during the test, and there was no statistically significant difference between ACL-insufficient knees and contralateral healthy knees (p=0.835, Table 2 ).
Translations at both epicondyles and axial ration in all testes knees are shown in Table 3 .
Discussion
The purpose of the current study was to evaluate 3D dynamic data obtained during the Lachman test in awake patients and to identify the most important factor in the diagnosis of ACL insufficiency. According to the current study, the average AP translation of the medial femoral epicondyle showed a more significant difference than the average AP translation of the lateral femoral epicondyle between ACL-insufficient knees and healthy contralateral knees. This indicates that the medial side has more AP motion in ACL-insufficient knees and the physicians should focus on the motion of the medial femoral condyle for making a diagnosis of ACL insufficiency using the Lachman test.
The current study focused on realizing the in vivo situation during Lachman test in clinics. Various studies have assessed kinematics of ACL-insufficient knees during the Lachman test [9] [10] [11] [16] [17] [18] [22] [23] [24] [25] . However, considering that our study evaluated data obtained from the awake patients during the test, we believe our results would be the more similar to those in a real clinical setting where the test results are influenced by the muscles and tendons around the knee joint. In order to evaluate the motion during Lachman test in a real clinical setting, in vivo studies without anesthesia are necessary. Logan et al. 14) evaluated the Lachman test results of awake participants. The study evaluated the three static points; A B reverse Lachman, neutral and Lachman, using open MRI. They showed medial and lateral sides of ACL-insufficient knees had more significant increase during Lachman test than normal knees. The results were different from ours. This may be attributable to longer time for MRI scanning in the study: ten to twenty minutes were taken for MRI and anterior force during Lachman could have accumulated in the meantime, resulting in greater AP motion of the medial and lateral sides. In contrast, the data in the current study was obtained during the real Lachman test (maybe one to two seconds for anterior drawing), thus there was no accumulation of force. In previous studies on ACL insufficiency 26, 27) , the medial condyle exhibited greater AP motion than the lateral condyle in various situations. It has been known that the lateral femoral condyle undergoes greater AP translation than the medial femoral condyle in normal knees. Komistek et al. 26) reported that the lateral femoral condyle undergoes more motion than the medial femoral condyle during daily weight-bearing activities 26) . Dennis et al. 27) also reported that the average posterior translation of the lateral femoral condyle was 21 mm and that of the medial femoral condyle was 2 mm during knee flexion. The results of the current study were similar to those of the abovementioned studies.
In healthy knees, the lateral femoral epicondyle exhibited greater AP motion than the medial femoral epicondyle during the Lachman test. The AP motion of the medial femoral epicondyle of the ACL-insufficient knee joints increased significantly. The AP motion of the lateral femoral epicondyle of ACL-insufficient knee joints also increased, but it was not statistically significant. Dennis et al. 27 ) also showed similar results in a previous study, which demonstrated that ACL-deficient knees experienced considerable changes in the position of the medial condyle during deep flexion. As the Lachman test, used to evaluate anterior instability in ACL-insufficient knees, was performed in awake patients in our study, it is reasonable to assume that the results of the current study more reliably demonstrate the AP instability of both femoral condyles. The results also show that the ACL may be closely related to the AP motion of the medial femoral condyle than the lateral femoral condyle even though the femoral attachment site of the ACL is on the lateral femoral condyle. Many meta-analysis studies have reported on the accuracy and reliability of the Lachman test [4] [5] [6] 28) . The accuracy of the Lachman test varies in different studies, ranging from 63% to 93%. These studies attempted to demonstrate the statistical significance of the common protocol of the Lachman test, but they did not determine the method to improve the accuracy of the Lachman test. According to the current study, the medial compartment undergoes a significant AP motion during the Lachman test than does the lateral compartment. Thus, we suggest, by focusing on the medial compartment during the Lachman test, the examiner can make an accurate diagnosis of anterior laxity in ACL-insufficient knees.
There are some limitations to the current study. First, this study is limited by the small sample size. Although only ten participants were enrolled in the current study, the statistical analysis showed a significant difference in AP translation of the medial femoral epicondyle and it did not show a significant difference 
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in AP translation of the lateral femoral epicondyle. This provides a sufficient basis to conclude that the medial femoral epicondyle motion is more reliable than the lateral femoral epicondyle motion in the diagnosis of ACL-insufficiency. Second, some of the patients had accompanying tears of the meniscus, which is known as the secondary stabilizer of knee joint 29, 30) . Two patients had accompanying peripheral tears of the posterior horn of medial meniscus, and these participants showed greater AP motion of the medial femoral epicondyle, i.e., 8 to 10 mm. Third, the AP translation increased only 2 to 3 mm in the ACL insufficient knee, indicating less than grade II laxity. Because current study was performed in a limited space of biplane fluoroscopy, participants could feel more discomfort and that could have resulted in limited AP translation. Fourth, evaluation of muscle contracture was not performed in the patients. The strong point of this study is that the study design simulated the real clinical situation during Lachman test; however, muscle contracture around the knee joint, which may affect the AP motion and rotation during the Lachman test, was not assessed.
